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$EVWUDFW The water quality degradation of fresh water resources has become an increasingly urgent
global problem which is predicted to be exacerbated by future development and climate change. Since
water quality is to a large extent driven by water quantity, it is useful for a model to incorporate a
rainfall-runoff component (natural hydrology), reservoir storage, return flows and abstractions (systems
modelling), and a water quality component. One such model that meets these requirements is the
Water Evaluation and Planning (WEAP) Model. During 2012, WEAP was applied to the Buffalo River
within the Eastern Cape, South Africa, to investigate the effect on water availability of future
development impacts, as well as potential climate change for the near future (2046–2065) under the
A2 emission scenario. It was found that WEAP does not simulate water quality within reservoirs and
water quality simulation facilities within WEAP are too simple. A new model was developed: the Water
Quality Systems Assessment Model (WQSAM). WQSAM accepts water quantity data from a routinely
used systems model, simulates water quality in a simplified manner, and also simulates water quality
for reservoirs. WQSAM was applied to the Buffalo River to investigate climate change and
development impacts on water quality, using the same Global Climate Model output and development
data as were used within the WEAP study. The water quality results provided by the two models are
compared, with the suitability of use of both WEAP and WQSAM to investigate future water quality
discussed. WQSAM demonstrated the following advantages to water quality modelling compared to
WEAP: 1) modelling of water quality in reservoirs; 2) consideration of water temperature effects on
water quality; 3) consideration of transient events by modelling on a daily time step; 4) a more
comprehensive and realistic conceptual model of water quality processes.
.H\ZRUGVWater quality modelling; WEAP; WQSAM; Buffalo River; South Africa



,1752'8&7,21
Globally, the water quality of fresh water resources is deteriorating. In some countries, such as South
Africa, water quality has deteriorated to such an extent within some regions that some water is no
longer usable, for example, acid mine drainage within the northern parts of the country, and irrigation
water within many parts of the country that has been shown to be contaminated with faecal bacteria to
dangerous levels.
From a water resource management perspective, it would be useful to model water quality in the same
way that water quantity has been modelled using system models. In this way, water resource
managers can obtain an indication of risk of certain water quality thresholds been exceeded when
investigating future scenarios. For a water quality model to be useful, certain realities need to be
considered, such as the fact that most developing countries do not have the financial or intellectual
resources to run complex models, and the scarcity of observed water quality data also precludes such
models being used. While the Water Evaluation and Planning (WEAP) Model (Sieber and Purkey
2007) is enormously useful as a systems model for modelling water quantity, the water quality
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simulation facilities offered by the model are limited. The lack of suitable water quality models for use
in data poor regions is reflected in the lack of water quality modelling studies: while there are some
modelling studies on potential climate change effects on water quantity in Africa (for example de Wit
and Stankiewicz 2006), and a few international reviews and studies on potential effects of climate
change on water quality (for example Wilby et al. 2006; Whitehead et al. 2009), generally, modelling
studies looking at future water quality are few and far between.
During a study in 2012, in response to the water quality simulation limitations presented by WEAP, a
new water quality decision support system called the Water Quality Systems Assessment Model
(WQSAM) was developed. This study compares the future climate change and development
simulations of water quality by WEAP to that of WQSAM, so as to highlight the shortcomings and
advantages of both models when investigating future water quality.
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The study area is the Buffalo River Catchment, Eastern Cape, South Africa (Figure 1). The Buffalo
River is a relatively short river (125 km from headwaters to sea), with few tributaries and a maximum
order (Strahler 1957) of 4. While the catchment receives rainfall throughout the year, the region can be
classified as arid and while most rainfall occurs during summer, a steep rainfall gradient exists
between the upper (1,500–2,000 mm) and the middle (500–625 mm) reaches. The river includes four
impoundments: Maden and Rooikrans dams in the upper catchment, the larger Laing Dam in the
middle catchment and Bridle Drift Dam in the lower catchment (Figure 1). This study reports water
quality modelling up to Laing Dam. The geology of the region is dominated by marine sediments of the
Beaufort Series, and subsequently, the Buffalo River is naturally saline. A limited amount of
commercial farming occurs within the upper catchment. The middle catchment consists of the
urban/industrial complex of King Williams Town and Zwelitcha (see Figure 1). The Buffalo River is
highly eutrophic in the middle reaches, which is manifested mainly in Laing Dam. Eutrophication is
predominantly caused by various overloaded waste water treatment works (WWTWs) operating within
the Middle Buffalo. Water Hyacinth ((LFKKRUQLDFUDVVLSHV) is a continual problem in Laing Dam while
0LFURF\VWLV blooms have also been reported within the Catchment.

 0RGHOVXVHG
The Water Evaluation and Planning (WEAP) Model (Sieber and Purkey 2007) was used. WEAP is an
‘off-the-shelf’ water accounting model that is capable of generating natural hydrology and simulating
human use extractions and return flows. WEAP is exceptionally easy to use in comparison to other
available systems models. WEAP also incorporates a very rudimentary water quality simulation facility,
where conservative water quality variables are modelled primarily through dilution, and nonconservative variables can be assigned a single globally applicable degradation coefficient. For
example, for any of the nutrients, the degradation coefficient would represent the cumulative effects of
multiple processes such as chemical speciation, sedimentation, uptake by flora and decomposition.
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)LJXUH Map of Buffalo River Catchment within the Eastern Cape, South Africa

The second model used was the Water Quality Systems Assessment Model (WQSAM). WQSAM was
designed specifically to overcome the limitations presented by WEAP in regards to water quality
modelling. WQSAM has the following main characteristics:
1. WQSAM aims to seamlessly merge with routinely used systems models such as WEAP so as
to use water quantity data generated by these models as input;
2. Water quality is driven predominantly by water quantity (flow), and WQSAM uses these
relationships within water quality modelling;
3. WQSAM is operated on a daily time step, as water quality is to a large extent driven by
transient events such as rainfall-runoff;
4. WQSAM aims to use available (and usually limited) historical monitoring water quality data;
5. WQSAM aims to model water quality in a simple way, by identifying the most important
processes affecting water quality;
6. WQSAM generates frequency distributions of water quality that can be compared to specific
water quality thresholds, and provide water resource managers an indication of risk
associated with management decisions;
WQSAM models water quality in several steps:
1. Water quantity data is read from a monthly time step systems model and loaded into WQSAM;
2. WQSAM disaggregates monthly incremental flows to daily, using a process driven by
observed or modelled daily rainfall;
3. WQSAM disaggregates daily incremental flows into the flow components surface flow,
interflow and ground water flow using a simple statistical baseflow separation technique
((Hughes et al. 2003);
4. Water temperature is simulated using a method driven by daily maximum and minimum air
temperature (Rivers-Moore et al. 2008);
5. Water quality modelling then occurs.
WQSAM simulates total dissolved solids (TDS) as representative of salinity. WQSAM also simulates
various nutrients, namely PO4-P, NO3-N + NO2-N and NH4-N. To represent the effect of diffuse
sources, water quality ‘signatures’ are assigned to the flow components separated during the baseflow
separation. For example, natural salinity is usually simulated by assigning relatively high TDS
signatures to the ground water fraction of incremental flow, while agricultural or urban inputs of
nutrients are usually simulated by assigning relatively high nutrient signatures to surface water flow.
WQSAM simulates various instream processes affecting water quality that are conceptually
represented within Figure 2.
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)LJXUH Conceptual diagram showing the processes affecting instream water quality modelled by
WQSAM

These processes include uptake of nutrients by algae and macrophytes, decomposition,
sedimentation and speciation. The methods for representing these processes were modified from
those described by Chapra (1997) and those used within the CE-QUAL-W2 model (Cole and Wells,
2008). Many of these processes are driven by water temperature, which is why water temperature
simulation is included as an integral part of WQSAM. Reservoirs are modelled as Completely Stirred
Tank Reactors (CSTRs) (Chapra 1997). Consequently, stratification of reservoirs is not modelled
within WQSAM.
 0RGHOVHWXSDQGVFHQDULRVLQYHVWLJDWHG

WEAP was used to simulate future water quantity within the Buffalo River for the period 2046–2065,
considering intermediate development (population growth and industrial development) as well as
climate change using the Special Report on Emissions Scenarios (SRES) A2 emission scenario,
which is ‘business as usual’, and the most likely scenario. WEAP was run on a monthly time step.
Simulations were achieved using daily evaporation, rainfall and air temperature data from a total of
nine Global Climate Models (GCMs), downscaled by the Climate Systems Analysis Group (CSAG) at
the University of Cape Town.
Salinity (TDS), PO4-P and NO3-N + NO2-N were modelled in WEAP by assigning suitable degradation
coefficients and assigning water quality signatures to WWTW and irrigation return flows. The general
systems diagram used within the WEAP model is represented by Figure 3.
Within the application of WQSAM to the Buffalo River catchment, water quantity data were extracted
from the WEAP application for the reference (1979–2000) scenario as well as the future climate
change and development scenarios (2046–2065). For the reference conditions, modelled monthly
incremental flows were disaggregated to daily using observed daily rainfall. Water temperature was
simulated using daily observed air temperature. Water quality simulations were calibrated against
South African Department of Water Affairs (DWA) historical monitoring data for various points on the
catchment. For the climate change and development scenarios, water quantity data were extracted
from WEAP. Disaggregation of simulated monthly incremental flows to daily were driven by
downscaled GCM estimates of daily rainfall. Water temperature simulation was driven by downscaled
GCM estimates of daily air temperature. Water temperature and water quality simulation parameter
values were carried over from the calibration to historical data.
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)LJXUH Systems diagram representing the model setups of WEAP and WQSAM applied to the
Buffalo River Catchment. Circles represent river or tributary nodes, triangles represent reservoirs and
the squiggly lines represent incremental flows

5(68/76

 :DWHUWHPSHUDWXUHVLPXODWLRQV

The results of water temperature simulation for future climate change and development show that
water temperature for the upper catchment will rise considerably for the upper Buffalo Catchment
(Figure 4a). Interestingly, the band of uncertainty for projected water temperature across all GCMs is
fairly narrow (within 1 °C), indicating that the GCMs are fairly consistent in simulating air temperature.
Water temperature simulations for the middle catchment also show that future water temperature will
rise, however not as drastically as for the upper catchment (Figure 4b).

 :DWHUTXDOLW\VLPXODWLRQV

The results of water quality simulations by WQSAM show that all water quality variables investigated
are likely to see a sharp rise within Maden Dam. However, the range of simulations given using the
GCM and development data mean that there is a large degree of uncertainty associated with future
water quality within the upper Buffalo River Catchment. No extractions or return flows are modelled
within Maden Dam, and the predicted future water quality changes to Maden Dam must therefore be
because of variable inflows and a drastic increase in water temperature compared to reference
conditions.
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)LJXUH  Results of water temperature simulations by WQSAM for the upper (a) and middle (b)
Buffalo River Catchment. The solid line represents the reference simulation while the band of grey
represents the uncertainty of climate change and development scenarios.

Figure 5 shows the results of water quality simulations by both WQSAM and WEAP for the middle
Buffalo just upstream of Laing Dam. While the WEAP simulations show a slight drop in water quality
variable concentrations compared to reference conditions, the WQSAM model simulations show a
range of future simulations that are generally comparable to reference conditions.
Future TDS simulations by WQSAM for Laing Dam seem to encompass the reference conditions.
However, the range of future nutrient concentrations within the reservoir seems to show a
considerable increase compared to reference conditions. The future simulations of water quality within
Laing Dam by WQSAM also show a large degree of uncertainty.


',6&866,21

The WEAP model obtained generally good calibrations to observed historical monitoring data for TDS.
The calibrations to nutrients were not as accurate, mainly
because the degradation coefficients applied to the nutrients were not appropriate across the entire
catchment. For example, a relatively low degradation coefficient was applied to PO 4-P for the upper
catchment, as phosphates were not taken out of the system quickly within the upper catchment.
However, the value of the degradation coefficient was not appropriate for the middle catchment as
phosphates are taken out of the system much more rapidly here, possible because of uptake by algae
and hyacinth, which WEAP does not account for.
The WQSAM model obtained very good water quality calibrations to historical conditions. This can be
attributed to the fact that WQSAM allows the setting of degradation coefficient values specific to
specific nodes, and allows variable uptake of nutrients within different points in the catchment. In
addition, because WQSAM is a daily time step model, the model obtains a more representative
frequency distribution of water quality simulations that represents high peaks, while WEAP averages
out to a monthly time step, thereby missing the extremes. This is evident within Figure 5, where it can
be seen that the simulation of reference conditions shows a definite peak under lower durations.




)LJXUH Results of water quality simulation by WQSAM and WEAP for the Middle Buffalo: a) TDS; b)
NO3-N + NO2-N; c) PO4-P. The solid line represents the reference simulation while the band of grey
represents the uncertainty of climate change and development scenarios as generated by the
WQSAM model, while the band of red represents the uncertainty of climate change and development
scenarios as generated by the WEAP model.
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The simulation of water temperature by WQSAM is shown in Figure 4. What is evident is that future
water temperature is likely to rise considerably for the upper catchment, while water temperature is
likely to show a less drastic rise for the middle catchment. The change in water temperature is likely to
considerably impact water quality within the catchment, as water temperature drives the rates of many
processes affecting water quality (Chapra, 1997), such as chemical speciation, uptake by flora and
decomposition. This projected rise in water temperature, along with variable input flows, is likely the
cause of the simulations obtained for Maden Dam, which shows a sharp rise in projected water quality
variable concentrations.
WEAP unfortunately cannot simulate water quality for reservoirs, and therefore, only results generated
by WQSAM were available for reservoirs. However, results for the middle catchment by WQSAM and
WEAP can be compared. Figure 5 shows that the range of future water quality variable concentrations
as generated by WEAP is slightly less than the reference simulation, and also does not show the
peaks at low durations as represented by the reference simulation. The range of future water quality
simulations as shown by WQSAM closely resembles that of the reference simulation, showing the
peaks in variable concentrations at low durations.
What is evident by all the simulations of water quality by WQSAM, is that generally there is a broad
range of uncertainty associated with the climate change and development scenarios, indicating that
WQSAM is obtaining a realistic representation of the full frequency of water quality variable
concentrations, and that a range of processes affecting water quality are being represented by the
model.


&21&/86,216

This preliminary investigation shows that WEAP simulations of future scenarios for water quality are
limited, mainly because the water quality processes considered by WEAP are too limited, the model
does not simulate water quality within reservoirs, and WEAP does not explicitly model water
temperature. In addition, most simulations of water quantity are done at a monthly time scale, which is
not suitable for water quality simulation.
This study shows that WQSAM has attempted to resolve these identified shortcomings with a fair
amount of success.
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